Abstract. We have measured the sound velocity and attenuation of polycrystalline Cu, Al, Nb, Nb,,Ti,,, Pt, Pt,&,, R(l%W), Pd, Ta, NiCr alloy and amorphous PdSiCu at frequencies 0.1 kHz < V C 20 IcHz and at temperatures 40 mK < T < 10K. All polycrystalline samples show acoustic properties which resemble those of dielectric glasses. Their electrical resistivity is in the range 10.'~ a m < p < lW5 Qm with an estimated electron mean free path of 10-'0 m < l < IO-' m. Our results indicate no correlation between the tunneling system density of states or coupling constant and the electron mean free path, supporting earlier work on the absence of electron assisted relaxation rate.
INTRODUCTION
The acoustic properties of polycrystalline metals at temperatures T < 10 K resemble those of dielectric glasses, sometimes even quantitatively. This surprisingly experimental fact was found in a large number of polycrystalline metals of different crystal size as well as impurity concentration [1, 2] . The anomalies in the acoustic properties, i.e. a maximum in the sound velocity as well as the temperature dependence and absolute value of the internal friction, can be understood assuming the interaction of phonons with tunneling two-level systems (TS) [3, 1] which origin is not yet clarified. The acoustic anomalies depend on the energy distribution'of the TS density of states and on the coupling between phonons and TS. This coupling enters in the relaxation rate of the TS. Early work on amorphous metals as PdSiCu [4] as well as amorphous superconductors [5] indicates that the TS interact with conduction electrons in a way which is not completely understood at present, although new theoretical ideas may provide a solution to this problem [6, 7] . Recently published work on pure Pt , AI and Ta in the superconducting and normal states revealed the absence of electron-assisted relaxation in polycrystalline metals. Because the electron mean free path is the electronic property with the largest difference between an amorphous and a polycrystalline metal, it has been speculated [8] that polycrystals with very small mean free path may show the interaction of TS with conduction electrons as amorphous metals do. The aim of this work is the systematic study of the acoustic properties of a large number of polycrystalline metals with electronic mean free path that ranges from a few pm to a few Amgstrongs in order to search for a possible correlation between the acoustic anomalies and the mean free path.
EXPERIMENTAL DETAILS AND SAMPLES
The acoustic properties were measured with the vibrating wire and vibrating reed technique in the first resonance mode (flexural vibration) [l] . Because the sound dispersion of amorphous solids and polycrystalline metals [l] depends on the acoustic intensity (strain) [l] due to the interaction with TS, the maximum strain has been calculated from the reed or wire amplitude and has been taken into account for the comparison of the data from different samples. Measurements have been performed as a function of temperature at constant driving force. Measurements at constant strain provided essentially the same results. Typical dimensions of the reeds were: length -7 mm, width -1 mm and thickness -50 pm. We have measured cylindrical wires with diameters between 5 pm and 250 pm. No correlation has been found between the diameter and the acoustic anomalies. A recently published study 181 of a possible contribution of the clamping of the sample to the acoustic properties indicate that this has no influence on the sound dispersion. The clamping, however, influences slightly the absolute value of the internal friction (-20%) but does not change its temperature or the strain dependence in our temperature range. The measured resistivity and the estimated mean free path of the samples are shown in Fig.1 . Except P4,,Si,,,Cu6, all samples were polycrystalline and commercially available with an impurity concentration between 1 ppm and 1000 ppm (for the pure metals). The sample Ni,,,CrmA1,5Si,Feo,5Mno,5 (Ni(Cr) in Figs.1 and 2) has the largest resistivity and a mean free path comparable with that of amorphous metal PdSiCu. Figure 2 shows the temperature dependence of the relative change of sound velocity v(T)-v(T,)/v(To) (To some arbitrary temperature) for some of the samples we have measured (strain-range 10-7 < e < 10-'). All polycrystalline metals showed the same anomaly: a maximum in the sound velocity with quasi logarithmic slopes (-C 1nT) above and below it. For comparison we show in Fig. 2 the results for vitreous silica SiO, taken at 400 Hz [l] . It is important to note that the magnitude of the anomaly in the sound velocity, i.e. the value of the parameter C which is proportional to the density of states of TS and the
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Mean free path (m) . The anomaly vanishes within the resolution of the experiment for longer time or higher annealing temperatures. Note that after annealing the samples remain polycrystals as shown by X-rays [9] . This effect was also observed in amorphous metals [10] : with annealing one can strongly diminish the anomalies in the acoustic properties by relaxing the amorphous structure without crystallisation. This behaviour of the acoustic properties with annealing is in very good agreement with thermal conductivity and specific heat measurements [10]. Therefore we stress that amorphousness or polycrystallinity are neither necessary nor sufticient conditions for the existence of glasslike anomalies at low temperatures.
The results shown in Fig. 2 indicate that the glasslike anomalies of polycrystals can be compared with those of amorphous dielectrics. According to the standard tunneling model the combination of resonant and relaxation interaction between phonons and TS results in a maximum of the sound velocity at mm -1, being CO the phonon frequency of the measurement and zm the minimum relaxation time of the TS at a given temperature. Following the theory of TS-electron interaction [3, 4, 7] we would expect no maximum in the sound velocity below 1 K. From the slopes of the sound velocity above the maximum we obtained the parameter C = P $/pv2 (P is the density of states of TS, y the coupling constant between phonons and TS, p the mass density and v the sound velocity). The parameter C is plotted in Fig. 3 as a function of the electron mean free path for different samples. Clearly, there is no correlation between C and the electron mean free path. Note that low temperature thermal treatment (compared with the melting temperature, e.g. 5 h at 1000 C for (Pt)) of as-received samples does not change dramatically the value of C (see Fig.3 ), therefore the comparison of as-received polycrystalline metallic samples is justified.
From the position of the maximum in the sound velocity at T,, and taken into account that T-', -ft T3, according to the standard tunneling model [3] , we can estimate the coupling constant y, . This coupling constant is shown in Fig. 4 as a function of the mean free path. We do not observe any correlation between these two quantities. It is interesting to note that for different polycrystalline metals the coupling constant, calculated as described above, changes within a factor of 4, see tals at low temperatures to search for a possible correlation between the electronic mean free path and the glasslike acoustic anomalies. Our results indicate no correlation and the absence of electron assisted relaxation rate in polycrystalline metals.
